Ultra-high purity 18 % Cr ferritic stainless steel exhibits superior corrosion resistance. But, grain enlargement is likely to occur during their production and heat treatment, and this causes practical drawbacks in terms of surface qualities and mechanical properties. This study examines the effect of boron (B) addition on the grain growth of the ferritic stainless steel subjected to annealing after cold rolling. Since high Cr ferritic stainless steels often contain Nb or Ti, the effect of simultaneous addition of B with Nb or Ti is also examined as well as B single addition. It was found that B single addition retains grain growth after the recrystallization of the cold-rolled steel. The simultaneous addition of B and Nb leads to finer grain structure than Nb single addition, while the simultaneous addition of B and Ti leads to coarser grain structure than Ti single addition. When B is added with Nb, simultaneous precipitation of niobium carbide (Nb(C, B)) and boron nitride (BN) was found, where NbC is refined by the B addition and the total density of the precipitates along with BN is increased as compared with that in only Nb added steel. When B is added with Ti, on the other hand, coarse M 23 (C ,B) 6 was found to precipitate primarily on titanium nitride (TiN), and hence, the total density of the precipitates in Ti+B steel becomes lower than that in only Ti added steel which contains both TiN and titanium carbide (TiC). These grain structure development observed in the present study is explained primarily by the pinning effect of precipitates, and the precipitation behavior observed is found to be supported by thermodynamic calculation of phase diagrams using Thermo Calc.
Introduction
Ferritic stainless steels have certain useful corrosion properties, such as resistance to chloride stress-corrosion cracking, corrosion in oxidizing aqueous media, and pitting and crevice corrosion in chloride media. But, large grains are easily formed and thereby surface performance after cold forming and mechanical properties are deteriorated. It is well known in various steels that the addition of Nb, Ti and B can suppress grain growth, retard recovery and recrystallization, and also affect the austenite to ferrite transformation. Until now, two suppression mechanisms, pinning of grain boundaries by precipitates and solute dragging of boundaries have been proposed. [1] [2] [3] [4] [5] Numerous investigations have discussed the effect of B, Nb and Ti addition on the grain growth of austenite in steels. [6] [7] [8] [9] [10] [11] He et al. 6) found that the addition of B to Nb steel retards the recrystallization of austenite after large deformation to a significant degree. They reported that the effect of B when added alone is not of commercial importance. In their study of Nb-treated HSLA steels, they found a temperature limit for the influence of B; above it, the effect of B is mainly due to grain boundary segregation and solute drag; below this temperature, the retardation results from Nb carbonitride. Mavropoulos and Jonas 7) studied the retardation of austenite recrystallization by segregation of B. They reported that the effectiveness of the substitutional alloying elements on retarding recrystallization commonly found in austenite decreases in the order: NbϾTiϾMoϾ VϾMnϾCrϾNi. Tamehiro et al. 8) studied the effect of combined addition of Nb and B on thermo-mechanically processed steel, and found that Nb addition to B steel had the effect of suppressing the precipitation of M 23 (C, B) 6 and strongly retarded g-a transformation and hence produced a fine-grained bainitic structure. Azuma et al. 9) observed that the solution temperature of Nb-carbides moves to higher temperature by B addition in 9-Cr martensitic steels. Many researchers 10, 11) found that the addition of Ti or Nb to IF steels showed finer ferrite grain sizes. They attributed the refinement due to the pinning effect of TiN, TiC, Ti(C, N), NbC and Nb(C, N) precipitations.
Ferritic stainless steels are ferritic at all temperatures. Consequently, the precipitation behavior is completely different from that in austenite for two reasons: 1) There is no transformation during processing for ferritic steels.
2) The carbon solubility and its activity is lower in case of ferritic steels. But the number of previous literature discussing the effect of Nb, Ti and B on the grain growth of ferritic steels is very limited, Therefore, the present study was carried out in order to clarify the effect of B addition and its simultaneous addition with Nb or Ti on the grain growth of the ferritic stainless steel.
Experimental Work
The chemical compositions of the six steels used are given in Table 1 . These steels were prepared by vacuum melting followed by hot rolling at 1 423 K to plates of 15 mm thickness. Then, the processing shown in Fig. 1 was applied in relation to the actual production process of ferritic stainless steel. Firstly, heat treatment 1 was carried out at 1 473 K for 1 h for all the steels followed by air cooling to room temperature. The temperature employed for the heat treatment 1 is equivalent to hot rolling temperature in actual production process, and also has an effect of homogenization. 12) Then, the steels were cold rolled by 30 %, and finally, recrystallized at 1 273 K and 1 373 K for 1 h in a vertical furnace and quenched in ice-brine. The cooling rate for icebrine quench was measured as 1 500 K/s. Both thin foils and carbon extraction replicas were prepared for TEM. Alpha track etching (ATE) was carried out for as-homogenized and recrystallized steels cooled through various cooling rates. Irradiation of neutrons for ATE was performed in the reactor JRR-4 at the Japan Atomic Energy Research Institute. Thermal neutron flux is 1.6ϫ10 10 n cm Ϫ2 s Ϫ1 and irradiation time is 12 h. 13) Thermodynamic calculations were conducted using Thermo-Calc. version P to get isothermal sections at different temperatures in order to ensure the type and stability of precipitates. Figure 2 shows the variation of ferrite grain size with annealing temperature after cold rolling. It can be observed that the single addition of B restrains grain growth after recrystallization. The simultaneous addition of Nb or Ti with B suppresses grain growth even more comparing to the B single addition. However the single addition of Ti shows finer ferritic grain size than the simultaneous addition of Ti and B. On the other hand, simultaneous addition of Nb and B shows finer grain size than Nb single addition. The grain size after heat treatment 1 and recrystallization are listed in Table 2 . Figure 3 shows ATE micrographs for as homogenized Steels C2 (B), C4 (BϩTi) and C6 (BϩNb) after the heat treatment 1. Boron segregation along the ferritic grain boundaries can be observed for the three steels. For Steels C1 (no addition), C3 (Ti) and C5 (Nb), the ATE technique is not applicable due to B content less than 1 ppm. The black elongated precipitates (black arrows) obtained in Steels C2 (B) and C4 (BϩTi) were confirmed by carbon extraction replica technique to be M 23 (C, B) 6 and the round like precipitates (gray arrows)observed were B containing precipitates such as BN. These precipitates showed maximum density in C6 (BϩNb) followed by (BϩTi) while it showed the minimum in Steel C2 (B). The precipitations are found along the ferritic boundaries and inside the grains. Very fine spots occurred in the three steels are thought to be due to solute B. Figure 4 shows ATE micrographs for Steels C2 (B), C4 (BϩTi) and C6 (BϩNb) after recrystallization at 1 273 K for 1 h followed by ice-brine quenching. The segregation of B occurs along ferritic grain boundaries for the three steels. B containing precipitates is also observed in all steels, but the density is higher in C6 (BϩNb) and C4 (BϩTi) than in C2 (B). Furthermore, the M 23 (C, B) 6 is observed in Steels C2 (B) and C4 (BϩTi) only and not observed in Steel in C6 (BϩNb). Figure 5 shows ATE micrographs for Steels C2 (B), C4 (BϩTi) and C6 (BϩNb) after recrystallization at 1 373 K for 1 h followed ice-brine quenching. The boron segregation along grain boundaries occurs in all steels; the borides density was decreased or even the precipitation doesn't occur, which means most of B acts either as a segregant or solute at such high temperature. Keown and Pickering 14) insisted that equilibrium segregation of boron does not occur at temperatures higher than 1 253 K in 316 austenitic stainless steel. In the present study the segregation was observed along ferritic grain boundaries for samples heated at 1 273 K and 1 373 K followed by ice-brine. This segregation is thought not to be one occurred during cooling because of the rapid cooling rate used.
Results and Discussion

Grain Size and ATE
From the B autoradiography results (Figs. 4 and 5), it is evident that B segregates at the moving grain boundaries during recrystallization and grain growth. Watanabe et al. 15) observed that B segregated at grain boundaries in a manner similar to that determined in the present investigation. In their case, the sweeping action of the boundaries collected the boron atoms and produced an effect consistent with the solute drag theory. Therefore, B segregation along recrystallized grain boundaries should have a considerable effect on the grain refinement, in such way that Steel C2 (B) shows finer grain size at both tested temperature than Steel C1(no addition). 
Thin Foil and Carbon Extraction Replica
In order to investigate the precipitation behavior and its effect on the grain growth, thin foils and carbon replicas were prepared for all steels after heat treatment 1 and after recrystallization at both temperatures followed by rapid quench. Results of area fraction of precipitates after recrystallization at 1 273 K are shown in Fig. 6 while the size distribution of precipitates for steel C3 (Ti) and C4 (BϩTi) and for C5 (Nb) and C6 (BϩNb) are shown in Figs. 7 and 8, respectively. The number of precipitates for Steel C1 (no addition) is very small, it slightly increases in Steel C2 (B) when B is added. A large number of fine precipitates were found in Steel C3 (Ti), but when B is added to Steel C3 (Ti), the number of precipitates decreases in Steel C4 (BϩTi) . Significantly fine precipitation with large number occurred in steel C6 (BϩNb) but in Steel C5 (Nb), the number of precipitates is small and each precipitate becomes coarse. This trend of precipitation density was found in the 1 373 K samples as well but with lower density, which may be due to the dissolving and coarsening of precipitations at such high temperature.
After the heat treatment 1, a similar trend for that of recrystallized was obtained but with larger number of precipitation, which may be attributed to the slow cooling rate used in the heat treatment 1. Mavropoulos and Jonas 6) found that NbϩB steel showed more precipitates than Nb one in case of HSLA steels after solution treatment at 1 373 K and then deformation 25 % at 1 273 K and immediately quenched. The density and size distribution of precipitates for the steels described above can provide a reasonable explanation for the grain size variation among all steels. This explanation is based on the pinning theory after Hellman and Hillert 16) who improved Zener's model. In the presence of second-phase particles, the growth rate of large grains is given by the following equation:
..................... (1) where dR/dt is the growth rate, s is the surface tension, M is the mobility, R 0 is the critical grain size, R is the size of grain under consideration and Z is the restraining force due to the second phase particles (2) where f is the particle volume fraction and r is the particle radius. According to the pinning effect, the restraining force due to second phase particles is directly proportional to the volume fraction and inversely proportional to the size of the particles. Three questions arose from the grain size measurement, the first one is why the single addition of B restrains grain growth after recrystallization, the second is why the single addition of Ti shows finer ferritic grain size than the simultaneous addition of Ti and B, and the last one is why simultaneous addition of Nb and B shows finer grain size than Nb single addition.
From Eq. (1), it is clear that the grain growth rate is directly proportional to both the surface tension s and mobility M. The difference in area fraction of precipitates for Steels C1 (no addition) and C2 (B) is small, so the effect of B segregation on s and M may be the reason of the finer grain size obtained in Steel C2 (B). Consequently, it is thought that the B segregation decreases the mobility of the grain boundary through dragging effect and that the surface tension also decreased by the B segregation as well but the decrease of s due to B segregation is thought to be more important than the decrease of M.
By applying Eq. (2) for Steels C3 (Ti), C4 (BϩTi), C5 (Nb) and C6 (BϩNb) using the volume fraction of precipitations and average size resulting from thin foil observation, the second and third questions are explained as following: The restraining force drops to one fifth of its original value when B is added to the Ti steel. On the other hand, when B is added to the Nb steel the restraining force increases by four times of that for Nb single addition.
Comparing the area fraction of precipitation obtained by ATE and TEM techniques, it is clear that the two results are in consistent with each other as C6 (NbϩB) shows larger number of precipitates in both ATE and TEM. More clear evidence is required concerning the type of precipitations in all steels to clarify why the C4 (TiϩB) shows small number of precipitates than C3 (Ti) and to clarify why C6 (NbϩB) steel shows finer and larger number of precipitation than C5 (Nb). For this reason, identification of the precipitates after each heat treatment was conducted using diffraction pattern technique. Figure 9 shows the selected area diffraction pattern and key diagram of M 23 C 6 detected in Steel C1 (no addition) after recrystallization at 1 273 K followed by cooling at 1 500 K/s. The most important observation in this figure is the flake like morphology of M 23 C 6 precipitates, which was also observed in ATE micrographs. In the case of steel C2 (B), in which B was singly added, two types of precipitation, BN and M 23 (C, B) 6 were detected. The selected area diffraction pattern and key diagram of BN detected in Steel C2 (B) is illustrated in Fig. 10 .
Identification of Precipitates
Carbon extraction replicas of Steel C3 (Ti) show very large number of precipitates and most of them were identified to be TiN and TiC; no M 23 C 6 was detected. This was found after recrystallization at both tested temperatures as well as after heat treatment 1. Figure 11 shows the selected area diffraction pattern and the key diagram of TiN and TiC, detected in Steel C3(Ti) after recrystallization at 1 273 K followed by rapid quench. Fine precipitates around 10 nm were found in large number in this steel after recrystallization but they could not be identified due to its very fine size. The precipitation was observed after very rapid quench, which implies that these precipitates are formed either during cooling after the heat treatment 1 and remain stable during recrystallization or precipitate during recrystallization and play a role in the retardation process due to the restraining force against the grain growth through pinning effect.
In Steel C4 (BϩTi), the precipitation behavior was different from that in Steel C3 (Ti) in terms of the following features: a) the number of precipitates is smaller in Steel C4 (BϩTi) and no very fine precipitates were observed; b) TiN was detected, but TiC was not detected in Steel C4 (BϩTi). c) On the other hand, coarse M 23 (C, B) 6 originally TiN was detected in this steel, which was not detected at all in Steel C3 (Ti). This finding implies that when B is added to Ti containing steels, the precipitation density is decreased and large proportion of these precipitates are duplex M 23 (C, B) 6 and TiN. Ohno et al. 17) investigated the development of Ti-B steel for low temperature applications and they found that TiN works as a preferential nucleation site for M 23 (C, B) 6 . Their study was in austenite of steel but seems to be consistent with the present study as TiN and M 23 (C, B) 6 are the only second phase found in Steel C4 (BϩTi) and TiC was not observed. This means most of carbon is consumed in the formation of M 23 (C, B) 6 and no TiC was formed. As a result, the precipitation density decreased and its retardation effect decreased as well. Figure 12 shows the selected area diffraction pattern and the key diagram of TiN and coarse M 23 (C, B) 6 precipitate on TiN detected in Steel C4 (BϩTi) after recrystallization at 1 273 K followed by rapid quench (1 500 K/s). The M 23 (C, B) 6 was also observed in ATE micrographs as elongated black structures for Steel C4 after heat treatment 1 and recrystallized conditions, which was confirmed by TEM observation.
Carbon extraction replicas for Steel C5 (Nb) revealed that no other precipitates rather than NbC were observed for this steel in both recrystallized and heat treatment 1 condition. The number of precipitates was small and the size was relatively coarse. When B is added to this steel (Steel C6), NbC became finer and the number of precipitates was larger compared to Steel C5 (Nb) as shown in Fig. 13 . A summary for the precipitation types, its density and size are listed in Table 3 . Many researchers 5, 11, 18) found finer precipitation size as a result of B addition to Nb containing steels and they attributed such behavior to the effect of B in increasing the nucleation rate of precipitates and prevents their coarsening. The effect of B in giving finer precipitates is well shown in Fig. 13 . BN was also observed in this steel, which contributes to the higher precipitation density obtained when the B added to Nb containing steel. There is no large difference in the diffraction pattern of NbC and Nb(C, B) but many round precipitates containing B was observed in ATE micrographs for steel C6 after heat treatment 1 and recrystallization. These round precipitates are mainly Nb(C, B) and BN, and M 23 (C, B) 6 was not observed in Steel C6 (BϩNb). As a result, the total density of the precipitates along with BN is increased as compared with that in steel C5 (Nb). In Steel C6 (BϩNb), the density of fine precipitates increased and the size of NbC was reduced as a result of B addition. Therefore, when B is added to Nb steel, larger restraining force (Z) is obtained due to the finer size and higher density of precipitation. On the contrary, the addition of B to Ti steels resulting in the formation of large proportion of duplex M 23 (C, B) 6 on TiN which resulting in coarser and lower density of precipitation. When comparing to the effect of B in Nb containing steels, a reverse effect was obtained in case of Ti containing steels due to coarser and lower density of precipitation.
Thermo Calculation
To verify the precipitation behavior observed in the experiments, thermodynamic calculations were conducted for the Fe-Nb-Ti-C-N-B system using Thermo Calc. Version P 19) ; isothermal sections were calculated at different tem- Fig. 15 . As a consequence of the above phase stabilities, it is suggested that most of the precipitates, which plays a role in the retardation process of grain growth, are formed during cooling after the heat treatment 1as the same precipitates types are found after heat treatment 1 and after recrystallization using TEM (Table 3 ). It is indicated that Nb addition in- Table 3 . The precipitates found after heat treatment 1 and recrystallization for the steels used. crease NbC and BN, while Ti addition increases the stability of M 23 (C, B) 6 rather than TiC and BN. As mentioned above, it is not recommended to add B to Ti containing 18 % Cr steel as the grain size is enlarged and the reverse effect arises. It is important to stress that this behavior is mainly due to the chemical composition of this series of steels. These steels are, in principle, ferritic at all temperatures. This is achieved by a low content of austenite forming elements and a high content of ferrite forming elements, mainly Cr. As a result, there is no transformation during the processing of this steel.
Conclusions
The effect of the addition of B and the simultaneous addition of B with Nb or Ti on suppressing grain growth for ultra high purity 18 % Cr steel were investigated, and the following conclusions can be derived:
(1) Single addition of B has a considerable effect on the retardation process of recrystallization, and its simultaneous addition of Ti and Nb shows a greater effect and even finer ferrite grain size than B single addition. This trend was obtained for the both recrystallization temperatures of 1 273 K and 1 373 K.
(2) B segregation along recrystallized grain boundaries has a considerable effect on the grain refinement, this is probably because B segregation decreases the mobility of the grain boundary through dragging effect and because the grain boundary energy also decreased by the B segregation.
(3) The simultaneous addition of B and Nb leads to finer grain structure than Nb single addition, while the simultaneous addition of B and Ti leads to coarser grain structure than Ti single addition.
(4) When B is added with Nb, niobium carbide (NbC) and boron nitride (BN) were found as precipitates; NbC is refined by the B addition and the total density of the precipitates along with BN is increased as compared with that in only Nb added steel. When B is added with Ti, on the other hand, coarse M 23 (C, B) 6 was found to precipitate primarily on titanium nitride (TiN), and hence the total density of the precipitates in TiϩB steel becomes lower than that in only Ti added steel which contains both TiN and titanium carbide (TiC).
(5) These grain structure developments observed in Nb or Ti added steels are explained primarily based on the pinning effect by the precipitates, and the precipitation behavior observed in this study is found to be supported by thermodynamic calculation of phase diagrams using Thermo Calc.
